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I. INTRODUCTION HE COWLING characteristics of channel waveguides in
Ti-diffused LiNb03 are of interest for directional coupler switch fabrication. The design of polarization-independent, reversed-A& channel waveguide switches requires the measurement of the coupling characteristics of single-mode channel waveguides in order to determine, for each optical polarization, the coupling coefficient as a function of coupler spacing. The U.S. Government work not protected by U.S. copyright. coupling-strength parameters are determined by the mode dispersion which is dependent on the channel waveguide fabrication parameters such as the waveguide width, the initial Ti thickness and the diffusion temperature, time, and gas flow conditions. We have found particular fabrication conditions for single-mode channel waveguide directional couplers in Z-cut X-propagating LiNbO, , both at X = 0.83 pm and at X = 1. 3 pm, which result in the TE-and TM-mode coupling coefficients being equal for any waveguide spacing.
In this paper, we describe measurements on channel waveguide directional couplers from which coupling parameters are obtained and compared with theoretical ones, calculated from channel mode dispersion theory where experimentally determined diffusion parameters are used. In Section 11, we present our coupling model and the theoretical expressions used to calculate the coupling-strength parameters. We define the coupling coefficient as a function of the separation between the channel waveguide edges after diffusion, using the postdiffusion channel widths. A summary is given of the channel waveguide mode dispersion theory used in the calculations. In Section 111, we discuss the planar waveguide measurements and subsequent calculations which give the diffusion parameters and mode dispersion. The mode parameters are needed to calculate the coupling coefficient for any structure. In Section IV, we describe measurements on channel waveguide directional couplers at X = 0.83 pm and 1.3 pm and the experimental procedure used for determining the coupling coefficient. Then, in Section V, we discuss the experimental dependence of the coupling characteristics on the waveguide fabrication parameters and, hence, on the mode dispersion. The differences between the two optical polarizations are noted as regards the variation of the coupling parameters with mode dispersion. These differences result in the coupling strengths of the two polarizations being equal at one coupler spacing or equal at all spacings or unequal at all spacings. For each optical polarization we obtained generally good agreement in comparing our measured coupling parameters with the theoretical ones determined for many different values of mode effective index. The conclusions are summarized in Section VI.
THEORETICAL FORM FOR COUPLING COEFFICIENT
The channel waveguide directional coupler studied is of the form shown in Fig. 1 . For two identical, diffused index, single-mode channel waveguides, the coupling coefficient K for coupling between the two modes can be described approximately by the relationship for coupling between two identical, uniform refractive-index planar waveguides [ l ] , [2] 
where y is the waveguide mode transverse penetration depth. Both K~ and y depend on the mode dispersion and, hence, on the waveguide fabrication parameters. In the uniform refractive-index waveguide case, d is the coupler gap, the separation between the inner edges of the waveguides forming the coupler.
In this paper, we will use d to denote the separation between the inner edges of the Ti stripes, before diffusion. However, the more appropriate parameter to use for the coupler gap with diffused channel waveguides is clearly the separation between the inner edges of the waveguides after diffusion, which we denote by dl. These parameters are shown in Fig. 2 . The determination of d' requires a definition of the waveguide mode width for the diffused channel waveguide. A definition consistent with the uniform index case is to take the waveguide edge at the ray turning point, where the waveguide field changes from sinusoidual to exponential in form. We then rewrite (1) as
which should be a more precise approximation for diffused channels, particularly for small values of d and d'.
The parameter K; has been derived for uniform index planar guides [2] . We adapt this result for coupling between channel guides as
In (3), nkff is the effective index of the mode in one of the diffused channels at large separation, k, and kxb are the mode transverse momentum components, inside and outside the channel, respectively. Thus kxb is the inverse of the mode transverse penetration depth: kxb = y-'. Wee is the effective width of the channel, based on energy flow considerations. The effective channel width has previously been used in coupling calculations [2 J , [3 J rather than the physical channel width as employed in [ 11. In order to obtain expressions for the channel parameters introduced above appropriate to diffused channels, we require a mode dispersion model for the Ti: LiNb03 waveguides. We use the effective index method as developed for diffused channel waveguides [4] . This model assumes two-dimensional isotropic diffusion under conditions that lead to Gaussian diffusion profiles in the limit' of infinitely wide channels. For channels of width W before diffusion, the diffused index profile is defined by [4] n2(x, y ) = .
I
Here, x is the coordinate perpendicular to the channel along the crystal surface, y is the depth into the crystal, x = 0 denotes the center of the channel, D is the isotropic diffusion length, and n, and izb are the surface and bulk indexes. The primary result of this approach is that a diffused channel
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of width W before diffusion supports a mode with effective index given by
where bob' is the channel mode normalized effective index. b' is a normalized effective index for an equivalent onedimensional guide and is related to the normalized guide width V' given by
through a universal dispersion curve given in [4] . A n = n, -nb is the maximum index change that occurs in a one-dimensional diffusion (W -+ m) characterized by the one-dimensional normalized parameters Vo (normalized diffusion depth) and bo (normalized effective index). Vo and bo are related through a planar universal dispersion curve for Gaussian index profiles given in [SI. Using this result, the transverse momentum components inside and outside the channel can be approximated by [4] 
Here, g(0) is defined by (4c) at x = 0 and b(0) is the onedimensional normalized effective index at the center of the channel. k is the free-space wave vector. The mode turning point is defined in terms of the equivalent one-dimensional guide on which the model is based. In our notation, the 'turning point occurs where the mode effective index n& equals the local guide index n,ff(x) nBff = neff(xt) (84 which reduces to [4] Here, Xr is the position of the turning point, and b(x) is the one-dimensional normalized effective index at position x. The physical width of the channel is then 2x, and the effective channel width is
where 2xr is obtained from an iterative solution of (8b). From Fig. 2 we now see that d and d' are related by
Since, as indicated by (8b) and as we will confirm, 2xr is a mode-polarization-dependent quantity, d' is also a modepolarization-dependent quantity.
We will interpret our experimental coupling results in terms of both (1) and (2). Equation (1) is useful in determining when modes of both polarizations experience the same coupling in a coupler defined by the prediffusion gap d. Equation (2) is required to make independent theoretical comparisons with the experimental results. In order to make comparisons, the waveguide dispersion parameters (An, bo, b', 2xt) must be known. They were estimated from calculations based on planar waveguide measurements of mode parameters, which will be described in Section 111.
The which were single-mode for each optical polarization. Measurements were made on Z-cut X-propagating LiNbO, planar waveguides. A certain thickness of Ti was sputtered on each LiNbO, substrate which was subsequently diffused for 6 h, at 1000 or 1050"C, in flowing oxygen which had been bubbled through water, to suppress out-diffusion [6] '. The Ti thickness was measured using a Cary spectrometer. Transmission through a sample coated with Ti (corrected for transmission through a similar uncoated sample) was compared with published curves showing transmission as a function of Ti thickness [7] . Measurements of T were repeatable to -* 10 8.
The planar waveguide measurements were made at 0.633 pm with a calibrated prism coupler at which the synchronous angles for coupling to guided modes and to the substrate were observed for each optical polarization. The ratios of the various mode index differences from the substrate (bulk) index fib were fit to the normalized mode dispersion curves for a Gaussian index profile, as described in [8] . An, = 1.7 An,. A peculiarity of this approach is that the measured diffusion depths also appear as polarization-dependent quantities, whereas, since the diffusion depth simply characterizes an impurity ion diffusion profile, it should strictly be polarization independent. We measure greater diffusion depths with the ordinary (TE) polarization than with the extraordinary (TM) polarization. At T = lOOO"C, D o = 3.27 pm and De = 2.24 pm; at T = 1050"C, Do = 3.97 pm and De = 3.07 pm.
In Fig. 3(b) , An, and An, are shown as a function of T/D. For either polarization, at T = 1000°C and T = 1050"C, An is the same linear function of (T/D), which indicates that, for a given mode polarization, An is proportional to (r/D) independent of the diffusion temperature. This result is consistent with the assumption of a Gaussian diffusion profile [ 8 ] .
Using the experimentally determined An/r relationships of calculate An and Vo and, hence, determine bo from the normalized dispersion curves [5] , where Vo and bo are the normalized diffusion depth and effective index of the planar waveguide. The corresponding channel waveguide parameters V' and b', for a given channel width W , are then determined using the normalized dispersion curves for a two-dimensional, isotropic, diffused channel waveguide [4] . These dispersion curves were used to choose suitable T and W to give singlemode TE and TM channel waveguides. The values determined for An, V,, bo, and b' allowed kxb, k,, nkff, and 2x, to be calculated according to (7), (5), and (8b). Thus, the coupling parameters y (=k;E) and K ; , from (3), could then be obtained.
The planar waveguide measurements were made at h = 0.633 pm but, at longer wavelengths, we assumed the same An/r relationship and the same value for D, for each optical polar- ization. We used the value of nb corresponding to the chosen wavelength [9] .
IV. MEASUREMENTS ON CHANNEL WAVEGUIDE DIRECTIONAL COUPLERS We measured the coupling characteristics of channel waveguide directional couplers, of the form shown in Fig. 1 , in Zcut X-propagating LiNb03. The method used for determining K is the same as that described in [ l ] . Many pm and Fujikura fiber with an -10-pm core diameter at X = 1.3 pm) along which cladding modes were stripped and the polarization was maintained to better than 0.5 percent. The extinction ratio measured either at the input fiber end or the LiNb03 output was >99.5 percent. The output light was focused with a 60X objective on to the Si or Ge detector. A pinhole was used to screen any substrate light from the detector. The polarization was rotated using a half-wave plate between the fiber and'laser source. The single-mode source was a GaAlAs laser (General Optronics) at X = 0.83 pm and a GaInAsP laser (Lasertron) at & = 1.3 pm. By both viewing the near-field output patterns and measuring the output coupling ratios for varying input fiber positions, we checked that all the channel waveguides allowed only single-mode TE and TM propagation at the wavelength of operation, except for no. 10/1 which was double-moded for the TM polarization. However, it was possible to launch and couple alone the lower order TM mode of no. 10/1. Device attenuations were not accurately determined but were small (<1.5 dB) and did not vary appreciably either for different mode polarizations or between the various substrates with different fabrication parameters. The lack of variation in throughput was observed by optimizing the input coupling and then measuring the total output power, for the same power input to each of the various substrates.
The values obtained for (KL t e) were plotted as a function of L , for a given d and X. Typical results are shown in Fig. 4 . The ordinate intercept corresponds to 8 due to coupling in the bend regions. The slope of the graph determines K . All characteristics obtained showed a linear relationship with very little spread of the experimental data. We next plotted the measured values for KTE and KTM as a function of d , for the various samples with different fabrication parameters. Some of these are shown in Fig. 5(a) , for h = 0.83 pm, and in Fig.  5(b), for h = 1.3 pm. In Fig. 6(a) and (b) , we plot the same data versus d', having calculated the channel mode width 2x, for each polarization for each channel waveguide. The corre- sponding waveguide fabrication paraineters are given in Table I . The values of d corresponding to experimental points in Fig. 5 and used to calculate a' in Fig. 6 were measured prior to the through water, to suppress out-diffusion [ 6 ] . All samples at h = 0.83 pm, except no. 9/6, were diffused at 1000°C. To investigate changes in coupling parameters as a function of temperature, no. 916 (with same W and 7 as no. 9/7) was diffused at 105OOC. At X = 1.3 pm, a l l the samples were obtained from the experimental curves as in Figs. 5 and 6 for each polarization and sample, and are given in Table 11 , where comparisons are made with theoretical values. For any mode in a given sample, the slope of the curve log K in Fig. 5 is identical to that in Fig. 6 , as the correspondigg curves are merely displaced from each other along the abscissa by an amount depending on the post-diffusion channel-mode width 2xt compared to the Ti width W. For each substrate, we determined 2x,(TE) >2xt(TM), so the TE-and TM-mode From Tables I and 11 , as the channel width W and/or the Ti thickness 7 are increased, the mode becomes better guided, its effective iridex is increased and its transverse decay depth y is generally decreased. Also, as seen from Fig. 5 , for a given d , the coupling coefficient generally decreases (except for KTM at very small d , as in Fig. 5(b) ), which corresponds to an increase in coupling length ( 2 = n / i~) . For either polarization, the behavior at X = 0.83 pm was very similar to that at 1.3 pm.
Considering magnitudes, at h = 0.83 pm,'KO is larger and y is smaller than at A = 1.3 p , for each polarization. Thus the coupling at 0.83 pm is stronger for small d than at 1.3 pm but decreases more rapidly as d is increased. y is directly proportional to the wavelength, as seen from (7b).
However, we found that the coupling characteristics of TE and TM modes behave very differently as a function of the different fabrication parameters and, hence, of the mode dispersion. Because of this difference there are fabrication conditions which result in the K versus d characteristic being identical for each polarization, i.e., KTE . . = KTM .
for any value of d because KOTE = KOTM and YTE = YTM. This situation corresponds to small Wand 7 where the modes (especially the TE mode) qre relatively close to cutoff and have small normalized effective indexes. For one sample with weakly-guided modes (no. due to optimizing d may be partly offset by the fact that, as both mode polarizations (and especially the TE mode) are close to cutoff for the diffusion conditions giving KTE = KTM for all d, the optical/electrical field overlap may not be optimum. Overlap generally is best for conditions which give wellguided modes.
The main change in the coupling characteristic of the TE mode as it becomes more well-guided is in K~ which decreases (for a given diffusion temperature). There is also a decrease in y, but this increase in the coupling characteristic (log K versus d ) slope is comparatively small. However, for the TM mode, as it becomes more well-guided, y decreases greatly, i.e., the slope increases. This change in y is much larger than for the TE mode. In fact, the slope of the TE-mode coupling characteristic (y-') cliange.s very little with the mode parameters, and it is the change in the TM-mode characteristic slope which results in the different situations described above.
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LT-1, NO. 1, MARCH 1983 In Table 11 , we compare experimental and calculated values for K ; aqd y, for all the substrates. We also give the calculated values for the mode normalized effective index bob' and the channel mode width 2x,. In Figs. 7 and 8, we show experimental and theoretical values for K ; and y as a function of the mode normalized effective index bob', for the TE-and TMmode polarizations in all the directional couplers at each wavelength. It can be seen that for both TE-and TM-mode polarizations, as shown by the measurements and by the theory, K ; increases and y decreases as the mode becomes more wellguided, i.e., bob' increases, so that the mode isbetter confined. These variations are in agreement with the measurements reported for TE modes in [ l ] . Good agreement between experimental and theoretical values is generally obtained except for YTE near cutoff. Some error is to be expected as the theoretical calculations require the determination of many mode parameters, which are estimated from experimentally determined diffusion parameters.
For a given mode polarization, the post-diffusion channel width 2x, varies much less than W , the Ti stripe width. In all the samples except no. 9/6, the TM mode is relatively well- For both TE and TM modes, both nb and bo are approximately equal. However, as is seen in Fig. 3 , An,, >An,, (An, > An,) and, as given in Table 11 Tables I and I1 and are explicable in terms of the dispersion parameters calculated from the planar waveguide measurements. Good agreement is obtained between experimental and theoretical predictions of the effect of T. We compare experimental and calculated values for the coupling parameters K ; and y for two substrates having identical fabrication parameters W and r, but diffused at different temperatures: at h = 0.83 pm, nos. 9/7 and 916 and at X = 1.3 pm, nos. 11. 5 and 111, where nos. 917 and 115 were diffused at 1000°C, while nos. 916 and 111 were diffused at 1O5O0C.
With increasing T, D is increased and, for a given r, An is decreased (as observed in Section 111). From (7b) and ( 9 , y depends on the inverse of An and bob', and, hence, of nLff. Theoretically, for both TE and TM modes at h = 0.83 pm, as T increases, nkff decreases because of decreases in An and bob', and y increases. The experimental y values also increase. The temperature dependence of K ; is less easily predicted. Changes in K ; may be due to variations in any of the terms of (3) (containing the parameters An, bob', 2xt, n&f) which may change in opposing manners. As bo b' generally decreases with increasing T , the channel width 2xt increases because the mode becomes less well-guided. At X = 0.83 pm, according to calculation and experiment, for TE and TM modes, K ; decreases as T increases. Thus, with increasing temperature, the coupling Coefficient at 'small separations is decreased but is increased at large separations. At h = 1.3 pm, the variations for the TM mode are the same as at 0.83 pm, as, theoretically and experhentally, K ; decreases and y increases with increasing diffusion temperature. However, for the TE mode, the opposite behavior is observed both theoretically and experimentally, as K ; increases and y decreases with T. These differences in behavior of K ; and y are related to polarization-dependent variations in the mode dispersion parameters bob' and 2x,.
VI. CONCLUSIONS
In summary, by measurements at 0.83 and 1.3 pm, we have investigated the directional coupling between two identical single-mode diffused channel waveguides for the ordinary (TE) and extraordinary (TM) polarizations in Z-cut LiNb03, as a function of the channel waveguide parameters and, hence, of the mode dispersion. The two polarizations behave somewhat differently with changes in mode dispersion, so with different waveguide fabrication parameters the TE-and TMmode coupling coefficients K may be equal at one coupler gap d, or may be unequal for all d , or may be equal for all d. The last case, of identical TE-and TM-mode coupling coefficients and, hence, identical TE-and TM-mode coupling strengths for all d, occurs when the modes are relatively close to cutoff and is of significance for polarization-independent switch fabrication. If the mode effective indexes are very slightly changed, then the TE-mode coupling coefficient becomes greater than that of the TM mode at small d, but smaller at large d. If the modes become slightly more well-guided, the TE-mode coupling coefficient slightly exceeds that of the TM mode for all d. For well-guided modes, the TM-mode coupling coefficient is greater than that of the TE mode at small d, but smaller at large d.
Theoretically, we write the coupling coefficient K as an exponential function of d', the separation between the channel waveguide edges after diffusion, whxh depends on the postdiffusion channel mode width and, hence, on the mode polarization. We use channel mode dispersion parameters and diffusion parameters determined from mode measurements on planar waveguides to calculate the coupling variables. Our theoretical calculations correctly predict the effect on the coupling coefficient constant K ; (K at d' = 0) and the transverse decay constant y of changes in channel width, Ti thickness, and diffusion temperature. According to theory and experiment, as either mode becomes more well-guided and its normalized effective index increases, K ; increases and y decreases. Experimental and theoretical magnitudes for K ; are in reasonable agreement for each mode polarization. Experimental and theoretical magnitudes for y are in good agreement for the TM polarization, but diverge widely for TE modes near cutoff. This divergence is due to the apparent failure of the TE-mode evanescent fields to spread out as cutoff is approached. It is precisely this unexpected result which gives the observed polarization-independent coupling for modes near cutoff that we have reported.
